We attempted to improve antibody affinity by varying glycosylation on the light chain variable region. The human hybridoma line HB4C5 produces an antibody reactive to lung adenocarcinoma, which possess a N-glycosylated carbohydrate chain on the light chain hypervariable region. It has been shown that altering this carbohydrate structure can be accomplished by varying the level of N-acetylglucosamine in glucose free medium, a change in the carbohydrate chain could be induced which resulted in modifying antigen binding. By culturing the cells in media containing more than 20 mM N-acetylglucosamine, cells produced antibody with 10 fold improved affinity as compared with antibody produced in 20 mM glucose-containing medium. A newly induced light chain glycoform produced in the N-acetylglucosamine-containing medium was shown to be responsible for this antigen binding enhancement. Addition of glucose in the N-acetylglucosamine-containing media led to decreased antibody affinity and slightly inhibited production of a new light chain in a dose-dependent manner. Combination of 20 mM N-acetylglucosamine and 0.5 mM glucose gave a higher antibody production without the decrease of the antigen binding. These results indicate that optimization of N-glycosylation on the light chain, which leads to higher antigen binding, can be accomplished by adjusting a ratio of glucose and N-acetylglucosamine in the culture medium.
Introduction
The potential of monoclonal antibody for use in the diagnosis and therapy of human disease is great. However, the generation and production of human monoclonal antibodies is not as easy as the production of rodent antibodies due to a variety of technical problems. Therefore, the development of new technologies for the generation and production of appropriate human antibodies for clinical application is needed. Much of what makes an antibody specific to a particular antigen lies in the antigen binding site, especially the third hypervariable region of heavy chain (Chothia et al., 1987) . By keeping this region intact while modifying other variable domains via alterations of carbohydrate moieties on variable domain of light chain, we attempted to increase antigen binding without disrupting the key features of the antigen binding site. The system which we have chosen for this investigation is human-human hybridoma line HB4C5 (Murakami et al., 1985) . This cell line produces a human antibody reactive to lung adenocarcinoma, which possess a N-glycosylated carbohydrate chain in the hypervariable region of the light chain, even though in general most immunoglobulin light chains usually lack carbohydrates (Yano et al., 1988; Tachibana et al., 1993) . Recently, we reported that carbohydrate moiety changes on the light chain can lead to an alteration in antigen binding activity (Tachibana et al., 1992 (Tachibana et al., , 1994 (Tachibana et al., , 1996 . This finding indicated that the carbohydrate chain linked to the light chain contributes to the antigen binding of the antibody. The production of antibodies with altered carbohydrate moieties was done by secreting for certain clones, alternative meth-ods for modifying antigen binding, we still aimed to find alternative ways of modifying antibody activities by adjusting the carbohydrate moiety on the light chain variable region was studied.
It is known that the glycosylation of glycoproteins is dependent on the cell type and the culture environments (Kagawa et al., 1988; Goochee et al., 1991) . Varied physiological states applied to producing cells can exert major effects on the biological properties of the glycoproteins. In the present study, we have characterized the effects of varying levels of glucose and N-acetylglucosamine (GlcNAc) in culture medium on light chain glycosylation and antigen binding of the antibody. Here we demonstrate that production of a particular carbohydrate moiety which optimizes antigen binding without a decrease in productivity can be accomplished by adjusting the carbon source in the culture medium.
Materials and methods

Materials
ERDF medium (a 2:1:1 mixture of RPMI1640, Dulbecco's Modified Eagle medium and Ham's F12 media enriched with amino acids and vitamins) was purchased from Kyokuto Pharmaceutical, Tokyo, Japan. Candida cytochrome C (Cyt C) and bovine carboxypeptidase A (Cpase) were purchased from Sigma. Horseradish peroxidase (HRP)-conjugated anti human light chain and IgM antibodies were obtained from Biosource, CA, USA. Fetal calf serum was obtained from Hyclone, USA. HRP-conjugated lectins: concanavalin A (ConA), lentil lectin (LCA), erythroaggulutinating phytohemaggulutinin (PHA-E4), Arachis hypogaea (PNA), Ricinus communis agglutinin I (RCA I), wheat germ agglutinin (WGA), Sambucus sieboldiana lectin (SSA) and Datura stramonium lectin (DSA) were purchased from Seikagaku Kogyo, Tokyo, Japan.
Cell line
The HB4C5 cell line is a human-human hybridoma line generated by fusing a human lymphoblastoid cells with lymphocytes from a patient with lung large cell carcinoma (Murakami et al., 1985) . Human monoclonal antibody produced by HB4C5 cells (mAb-C5) is strongly reactive to human lung adenocarcinoma tissues and is cross-reactive to Cyt C and Cpase (Yano et al., 1988; Hashizume et al., 1991a Hashizume et al., , 1991b . Nglycosylation of the light chain of the antibody occurs at Asn-25 in the hypervariable region . The cells were maintained in an ERDF medium supplemented with 5% fetal calf serum in a humidified atmosphere of 5% CO 2 /95% air at 37 C.
Cell culture in sugar-limited media
The cells were inoculated at a cell density of 1x10 6 cells/ml and precultured for 24 h in ITES medium (serum free ERDF medium supplemented with 10 g/ml insulin, 35 g/ml transferrin, 10 M ethanolamine, and 2.5 nM selenite) (Murakami et al., 1982) containing various concentration of monosaccharides. The cells were maintained in the same media for 72 h.
Antigen binding assay
The amount of antibody present in the culture supernatant and antigen-binding activities were assessed by ELISA. The antigens were dissolved in 50 mM sodium bicarbonate at the concentration of 10 g/ml, and 96 well immunoplates (Maxisorp, Nunc) were then coated with these antigen solutions. After washing the wells with phosphate buffered saline (PBS) containing 0.05% Tween 20 (TPBS), the wells were blocked for 2 h at 37 C with 0.5% bovine serum albumin in PBS. Antibodies were added to the wells and incubated for 1 h at 37 C, then washed with TPBS. Bound antibodies were detected by HRP conjugated anti human lgM antibody. The enzyme color reaction was visualized by addition of a substrate solution containing 0.33 mg/ml of 2,2'-azino-di-3-ethylbenzthiazolin sulfonic acid, 0.03% H 2 O 2 in 0.1 M citrate buffer, pH 4.0. Absorbance of the color reaction was measured at 405 nm.
Electrophoresis and Western Blotting
Antibodies were electrophoresed in a 10% gel, then electro-transferred onto a nitrocellulose membrane (Towbin et al., 1979) . The light chains were detected with a HRP conjugated anti human light chain antibody. Lectin blot analysis was carried out as described previously . Briefly, purified antibodies were electrophoresed on a SDS-PAGE gel, then electrotransferred on to a nitrocellulose membrane at 100 V for 1 h in 25 mM Tris, 192 mM glycine, 20% (v/v) methanol (pH 8.3). The blotted membrane was cut into several strips, and incubated in TPBS at 37 C for 2 h. The strips were incubated again with TPBS containing a 1:200 dilution of various HRP conjugated lectins at 4 C overnight. Color reactions were developed with 1.6 mM 4-chloro-1-naphthol, 0.01% H 2 O 2 in PBS with 20% methanol.
Results
Effect of GlcNAc in culture medium on glycosylation of the light chain variable region and the antigen binding of mAb-C5
The mAb-C5 has been assessed with regard to the structure of variable regions and the antigen binding characteristics, and it has been revealed that the light chain glycosylation is critical for the antigen binding (Tachibana et al., 1992) . We have shown that substituing GlcNAc for glucose in the culture medium of HB4C5 cells affects light chain glycosylation, which leads to an antigen binding alteration (Tachibana et al., 1996) . When mAb-C5 were produced in cells cultured with 6 kinds of monosaccharides replacing glucose, the antibody produced in GlcNAc medium demonstrated the highest affinity to the antigens among the produced antibodies tested (Tachibana et al., 1995) . To examine the effect of GlcNAc content in the culture medium, HB4C5 cells were cultured in media containing various concentration of GlcNAc in glucose-free medium, and the antibodies produced were assayed for both light chain glycosylation and antigen binding ( Figure 1 ). When the cells were cultured in glucosefree medium containing 5 mM GlcNAc, the cells secreted mainly a 27 kDa light chain ( Figure 1A ). In the presence of more than 10 mM, the 29 kDa and 32 kDa light chain species were secreted in GlcNAc concentration-dependent manner while the amount of the 27 kDa species produced remained almost constant. The heterogeneity of the light chains has been shown to be due to the glycosylation differences (Tachibana et al., 1996) . This result suggests that the expression of carbohydrates linked to the 29 kDa and 32 kDa species is linked to the GlcNAc concentration present in the medium. When the antigen binding activities of these antibodies were compared, the antigen binding strength of these antibodies increased in a GlcNAc dose-dependent manner. These results suggest that the expression of 29 kDa and/or 32 kDa light chain may be responsible for the increased antigen binding of mAb-C5. 
Effect of glucose in GlcNAc-containing medium on productivity, antigen binding and light chain glycosylation of mAb-C5
Although GlcNAc induced production of particular light chain glycoforms leading to improved affinity, HB4C5 cells cultured in glucose-free medium containing 20 mM GlcNAc showed lower productivity (390 ng/ml) than cells cultured in 20 mM glucosecontaining medium (648 ng/ml) ( Table 1) . In order to improve the antibody productivity of HB4C5 cells in GlcNAc-containing medium, HB4C5 cells were cultured in 20 mM GlcNAc-containing medium (GlcNAcmedium) supplemented with various concentrations of glucose. The addition of 0.5 mM glucose to the GlcNAc medium increased the productivity of HB4C5 cells to a value comparable to 20 mM glucose only medium (Glu-medium). Indeed, the stepwise addition of more than 1 mM glucose to the GlcNAc-medium had no effect on Ig productivity (Table 1 ). The effect of glucose in the GlcNAc-medium on the HB4C5 cells on the biological properties of mAb-C5 produced in these N, 5 mM GlcNAc; , 10 mM GlcNAc; , 20 mM GlcNAc; , 40 mM GlcNAc.
conditions was examined. The secreted light chains produced in GlcNAc-medium containing various concentration of glucose were investigated by Western blotting (Figure 2A ). Three different light chains with molecular masses of 27, 29 and 32 kDa were secreted in the presence of 5 mM glucose or less. The 27 and 29 kDa light chains were not detected in media containing 10 mM glucose or more. The production of the 32 kDa light chain species increased in a dose dependent manner, while secretion of the 27 and 29 kDa light chains was almost constant at 5 mM glucose or less. When glucose was added in increasing concentration to GlcNAc-free medium, cells secreted three distinct light chains with molecular masses of 27, 28
and 32 kDa. The 29 kDa species observed in GlcNAcmedium was not detected at any glucose concentration ( Figure 2B ). The size difference of these three light chains is also the result of glycosylation variances (Tachibana et al., 1996) . The expression of the 27 and 28 kDa light chains were restricted to 5 mM glucose or less. The amount of the 32 kDa light chain species produced increased in a dose-dependent manner, while the amount of 27 and 28 kDa light chain secreted in medium containing 5 mM glucose or less remained almost constant and the production of both chains was inhibited in the presence of more than 10 mM glucose. These results indicated that the production of the 27, 28, and 29 kDa light chains is regulated by the level of glucose present in the culture medium. The fact that the 29 kDa light chain is produced instead of the 28 kDa species in the presence of GlcNAc suggests that GlcNAc modulates the biosynthesis pathway which causes the 28 kDa species to be replaced with the 29 kDa species. Correlation between the varying light chain secretion patterns and antigen binding were assessed (Figure 3) . When the HB4C5 cells were cultured in the presence of 20 mM GlcNAc under glucose free conditions, the antigen binding affinity of the produced mAb-C5 (mAb-GlcNAc) increased up to 10 fold as compared with the antibody produced in 20 mM glucose only containing medium. Addition of up to 1 mM glucose in GlcNAc-medium had no effect on the affinity of mAb-GlcNAc. Further addition of 2 mM glucose decreased the reactivity of the mAb-GlcNAc slightly, and antibodies produced in GlcNAc medium containing more than 5 mM glucose showed significantly reduced antigen binding affinity. Finally, addition of 20 mM glucose decreased antibody affinity to the same level as that of the antibody produced in Glumedium. These patterns of reducing antigen binding for mAb-C5 correlate with the increase of the 32 kDa light chain production shown in Figure 2A . This result suggests that the 32 kDa light chain component of the mAb-C5 decreases antibody affinity, thus making the carbohydrate moiety of the 32 kDa light chain unsuitable for the antigen binding site formation of the mAb-C5. This also suggests that the 27 and/or 29 kDa light chains is responsible for the increased affinity. Since the 29 and/or 32 light chains were previously believed to be responsible for the affinity enhancement, taken with the data described above, the 29 kDa light chain species rather than the 27 kDa species may contribute to the binding enhancement seen. Under GlcNAc-free conditions, the HB4C5 cells produced antibodies with higher antigen binding in medium containing low levels of glucose (below 5 mM) rather than in higher levels of glucose ( Figure 3B ). The affinity of the antibodies produced in 0.5 mM glucose was 5 times greater than mAb-C5 produced in Glu-medium (20 mM glucose). This indicates that production of the 27 and 28 kDa light chains species correlates with the enhancement of the antibody affinity. However, the highest affinity observed in GlcNAc-free medium is with the addition of 0.5 mM glucose, which is still lower than mAb produced in GlcNAc-medium. This affinity enhancement difference between mAb-C5 produced in low glucose media with and without GlcNAc coincides with the expression of the 29 and 28 kDa light chains species respectively. Therefore, the 29 kDa-light chain is con- sidered to be more reactive to the specific antigens than the 28 kDa species.
Analysis of the carbohydrate moieties on the light chains of mAb-GlcNAc
To understand the difference in the glycosylation of the light chains produced in the GlcNAc-medium, lectin blot analysis using various lectins which bind to specific carbohydrate moieties was performed. The mAb-C5 produced in the medium containing 20 mM GlcNAc plus 1 mM glucose or 20 mM glucose only was electrophoresed and blotted onto a nitrocellulose membrane. The blotted membrane was cut into several strips, each strip was then reacted against several lectin reagents. Fugure 4 shows the three produced forms of the mAb-C5 light chains detected with HRP-conjugated anti human light chain antibody (Figure 4 , strips a and j), and various staining pattern obtained by several HRP-lectins (Figure 4, strips b-i) . The 29 kDa and 32 kDa light chains were detected with the lectins, while the 27 kDa species was not reactive to any lectins examined ( Figure 4B ). The reactivity pattern of the 32 kDa light chain with the lectins is same as that of the 32 kDa species produced in 20 mM glucose medium ( Figure 4B ). Thus, we postulate that the carbohydrate structure linked to the 32 kDa light chain from GlcNAc-medium has a similar structure to the carbohydrate described previously . The 29 kDa light chain was detected only with RCA-I and WGA reagents (strips f and g), which interacts with both complex and hybrid type carbohydrates. The 29 kDa species was not detected with Con A, which interacts with only hybrid type carbohydrates. This result indicates that the carbohydrate chain linked to the 29 kDa species is a complex type. DSA, which binds to triantennary and tetraantennary complex type carbohydrate chains, reacted with the 32 kDa species but not with the 29 kDa species, suggesting that the carbohydrate chain linked to the 29 kDa species is biantennary type. RCA-l can detect terminal galactose moieties, particularly in Gal-GlcNAc structure residues. The 29 kDa light chain could not be detected with SSA, which interact with Sia-Gal struc- ture. These results mean that the carbohydrate on the 29 kDa light chain is an asialo type. Although WGA interacts with the bisecting GlcNAc residue and the clustering sialyl residues, the asialo characteristics and WGA-stainability of the 29 kDa species indicates that a bisecting GlcNAc residue is present in this chain. Fucose binding lectin LCA was not reactive to this light chain, suggesting that the fucose residue is absent in the carbohydrate chain (strip c). Although PHA-E4 can also recognize bisecting GlcNAc residues, the 29 kDa species was not detected by this lectin (strip d). The binding specificity of PHA-E4 to over 50 kinds of oligosaccharides has been characterized in detail (Yamashita et al., 1983) . When taking into account the characterized oligosaccharides which bind to PHA-E4, the bisected biantennary oligosaccharides satisfying the features as shown above (without fucose and N-acetylneuraminic acid, and binding activity to PHA-E4) is strikingly restricted. Interpreting these results together, the carbohydrate structure found on the 29 kDa light chain is thought to be similar to the structure shown in Figure 4C .
Discussion
Structural variations seen in antigen binding sites of antibodies are encoded by amino acid sequences of the variable regions of the heavy and light chains. Although antibody molecules are glycosylated in their Fc regions at characteristic position according to their isotype, a significant minority have carbohydrate addition sites in the variable regions (Sox and Hood, 1970) . We previously demonstrated that the light chain of an human antibody (mAb-C5) reactive to lung adenocarcinoma is glycosylated in the hypervariable region and a glycosylation alteration can affect the antigen binding (Tachibana et al., 1992; . By varying the amount of carbohydrate in the culture medium, i.e., addition of GlcNAc in glucose-free medium, could induce the production of new light chain glycoforms resulting in a significantly increased ability to bind antigen.
These findings prompted us to investigate which light chain glycoforms of mAb-C5 contributes to increased antigen binding, and how variation of light chain glycosylation seen in GlcNAc-medium is induced. Results of varying GlcNAc and glucose concentrations in the culture medium suggests that mainly the 29 kDa light chain species contributes to the antigen binding enhancement of mAb-C5 produced in GlcNAc-medium. To optimize the culture conditions not only to improve the antigen binding but also to prevent a productivity decrease, we assessed the effect of varying concentrations of glucose and GlcNAc in the culture medium. A medium containing 20 mM GlcNAc plus 0.5 mM glucose was found to be the optimal condition.
It is not clear how GlcNAc modulates the glycosylation of the light chain of the antibody. Protein glycosylation is influenced by three main factors: the overall protein conformation, the effect of local conformation, and the available repertoire of glycosylationprocessing enzymes for the particular cell type. In general, the pattern of glycoforms is protein-specific, sitespecific, and tissue-or cell-specific. Because glucose and GlcNAc are transported into cytosol, and serve as substrates for the glycosylation-processing enzymes, the concentrations tested may be effective in modulating the activity of the enzymes. The finding that 29 kDa light chain is produced instead of the 28 kDa species when only GlcNAc is present in culture medium suggests that carbohydrate moieties attached to both light chains is derived from the same precursor. The enzyme(s) which processes the 29 kDa-glycoform may become active in the HB4C5 cells in the presence of GlcNAc.
At present, we do not know why the 29 kDa-light chain species is preferable when GlcNAc is used to glycosylate the light chain. In general, large size of carbohydrates may cover the antigen binding site and inhibit interaction of the antibody with the antigen, which may explain why the 32 kDa light chain species shows decreased ability to bind to antigen. On the other hand, the 29 kDa light chain species showed greater binding affinity than both the 27 kDa or 28 kDa species. We speculate that the carbohydrate attached to 29 kDa species changes the conformation of the binding site, possibly increasing the accessibility of the amino acid residues which actually makes contact with the antigen.
Our findings demonstrate that the carbohydrate structure on the target glycoprotein could be replaced for a more reactive structure by optimization of carbohydrate concentration in the culture media. This could be an useful technique if these results can be generalized in other glycoproteins and other cell lines.
